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c-Jun Is Essential for Organization
of the Epidermal Leading Edge
carcinogenesis and dermal-epidermal interactions (Angel
and Szabowski, 2002; Yates and Rayner, 2002). How-
ever, the chief evidence for its importance as a factor
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growth factor is thought to be one of the primary cyto-
kines in this process, and EGF response is clearly linked
to AP-1 transcription factor activity, since both the EGF
Summary receptor (EGFr) and one of its known ligands (HB-EGF)
are direct AP-1 target genes (Fu et al., 1999; Johnson
The migration of epithelial layers requires specific and et al., 2000; Park et al., 1999). Further, hypomorphic
coordinated organization of the cells at the leading alleles of the EGF receptor clearly affect the process of
edge of the sheet. Mice that are conditionally deleted epithelial movement in vertebrates; they cause an “open
for the c-jun protooncogene in epidermis are born at eye” phenotype, whereby a failure of the epidermis of
expected frequencies, but with open eyes and with the eyelid to migrate across the eye prior to birth causes
defects in epidermal wound healing. Keratinocytes scarring of the cornea and partial blindness of the adult
lacking c-Jun are unable to migrate or elongate prop- mouse. Interestingly, the open eye phenotype has been
erly in culture at the border of scratch assays. Histo- seen in mouse mutants of the EGF receptor ligand, TGF
logical analyses in vitro and in vivo demonstrate an (Fowler et al., 1995; Luetteke et al., 1993; Mann et al.,
inability to activate EGF receptor at the leading edge 1993). Another recently described mouse mutant with
of wounds, and we demonstrate that this can be res- this phenotype is in the MAP kinase cascade; mutations
cued by supplementation with conditioned medium in the MEKK1 gene cause birth with open eyes due to
or the EGF receptor ligand HB-EGF. Lack of c-Jun defects in epithelial cell migration (Yujiri et al., 2000 ).
prevents EGF-induced expression of HB-EGF, indicat- To analyze the role of AP-1-mediated signaling during
ing that c-jun controls formation of the epidermal lead- mammalian epithelial development, we deleted the c-jun
ing edge through its control of an EGF receptor auto- gene in murine epidermis, using a keratin-14-promoted
crine loop. cre recombinase; this transgene causes deletion specifi-
cally in basal keratinocytes (Jonkers et al., 2001). In this
study, we show that c-Jun is a central molecular effecter
Introduction of epidermal leading edge formation in a vertebrate
model organism. We demonstrate that this occurs
The epithelial structure of mammalian skin functions as
through AP-1 regulation of autocrine signaling pathways
a dynamic barrier to environmental stress (Fuchs, 1998).
in the epithelium of the skin and show that this is par-
Normal development of the epidermis involves a number
tially, but not completely, due to regulation of c-Jun
of stress-responsive transcription factors; these allow
activity by the JNK pathway, through the use of mice
proper keratinocyte proliferation, differentiation, and
which lack phosphorylation sites for JNK in c-jun (Beh-
movement. The stress response transcription factor
rens et al., 1999; Laderoute et al., 2002). Finally, we
AP-1, composed of a heterodimer of Fos and Jun pro-
demonstrate that loss of c-jun in the skin interrupts ateins, is one of these and has been directly linked to a
critical autocrine/paracrine pathway of signaling to thenumber of processes in the skin, including epidermal
leading edge of epithelium, through ablation of EGF-




Results In K14cre:c-junf/f mutant mice, there is no formation
of eyelid protrusive tips at E14.5 and no extension of
Targeted Deletion of the c-jun Gene upper or lower eyelids at day 15.5. Although rudimentary
in Mouse Epidermis eyelid tips may be observed at E16.5 in K14cre:
The Cre-loxP site-specific recombination system was c-junf/f mutant mice, they extend only slightly and do
used to target c-jun for deletion in the murine epidermis. not cover the whole cornea even by E19.5 (Figure 2A).
Initially, we generated a mouse strain that carries an These results indicate that the open-eye phenotype of
inducible null mutation of c-jun. A loxP-flanked neomy- the mutant pups is due to a defect in prenatal eyelid
cin (neo) resistance cassette was inserted into the EcoRI extension.
site 360 base pairs upstream of the single exon. A third Immunohistochemical analyses with proliferation
loxP site was introduced into the SphI site in the 3UTR markers revealed that there was no obvious proliferation
of c-jun. This construct (Figure 1A) was used to target difference between wild-type and K14cre:c-junf/f mu-
the endogenous gene in embryonic stem (ES) cells. Sub- tant embryo eyelids (data not shown). However, EGF
sequently, the neo resistance cassette was removed by receptor expression was somewhat reduced in the eye-
electroporation of a Cre expression plasmid into the lid tips (Figure 2B). In addition, activation of EGF recep-
targeted ES cells. Loss of the cassette leaves one loxP tor by phosphorylation was greatly decreased in K14cre:
site in place upstream of the c-jun exon while leaving c-junf/f mutant eyelids (Figure 2C).
the third loxP site intact. Clones in which the neo gene
was selectively excised, while the c-jun exon remained Impaired Wound Healing in K14cre:c-junf/f Mice
intact, were determined by Southern and PCR analysis. To further examine the function of c-Jun in regulation
A c-jun singly loxP-flanked (f/) ES cell clone was of epithelial cell migration, we compared wound healing
selected and injected into mouse blastocysts to gener- in wild-type and mutant mice. The healing process nor-
ate chimeric mice. The chimeras were bred to C57Bl/6 mally initiates with the formation of a fibrin clot, followed
mice and the progeny crossed to generate c-junf/f by creation of granulation tissue, wound contraction,
mice. The homozygous mice appear normal, and c-Jun reepithelialization, and finally lesion closure (Singer and
expression is not affected (data not shown). We demon- Clark, 1999). To determine rates of wound closure, we
strated that the loxP-flanked c-jun can be deleted by performed three 6 mm circular punch biopsies on the
transfection of Cre-expressing adenovirus into fibro- back skin of eight wild-type and eight K14cre:c-junf/f
blasts derived from c-junf/f embryos. littermates, and then measured closure daily over a 2
c-junf/f mice were bred with the K14-Cre strain to week period. As shown in Figure 3A, wound closure is
generate animals in which the loxP-flanked c-jun exon significantly delayed in mutant mice compared with
was deleted at both alleles (Jonkers et al., 2001). To wild-type littermates (p  0.01 at days 9, 10, 11, and
evaluate the pattern of c-jun excision, genomic DNA 12). While wild-type wounds are typically fully closed
from a number of tissues of K14cre:c-junf/f mice was after 11 days, those in mutant mice generally required
isolated. Southern blot analysis revealed that the Cre- 14 days for full closure.
induced recombination was detected in the epidermis
Histological examination of early stage wounds by
(Figure 1B). A small amount of the intact allele (5%)
H&E staining and immunostaining with CD45 revealed
was detected in epidermal tissue, perhaps due to the
no obvious difference in granulation tissue formationpresence of cells other than keratinocytes (e.g., melano-
and inflammatory cell invasion between wild-type andcytes) within the epidermis. Western blot analysis re-
K14cre:c-junf/f mutant mice (data not shown). We nextvealed the presence of Cre recombinase, but no detect-
turned our attention to reepithelialization, a key eventable c-Jun protein, in the epidermis of mutant mice
in later stages of wound closure. Reepithelialization ne-(Figure 1C). To further examine the efficiency and speci-
cessitates keratinocyte proliferation and migrationficity of the recombination event in situ, skin sections
through the fibrin clot, regenerating the epidermis. Inter-from wild-type and K14cre:c-junf/f mice were stained
estingly, examination of skin sections 4 days post-with antibodies to c-Jun. While nuclear c-Jun protein
wounding showed that mutant leading edge epidermiswas present in the nucleus of cells in sections of wild-
was not clearly migrating or invading into the fibrin clottype epidermis and hair follicles, Cre expression in the
properly (Figure 3B). As shown, the leading edge is mal-mutant mice resulted in a loss of detectable expression
formed at this stage, although there are an equal numberof nuclear c-Jun in these areas (Figure 1D).
of cells proliferating, as determined by the S phase cell
cycle marker PCNA. Keratin-1 is a marker of keratinocyteK14cre:c-junf/f Mice Have Impaired
differentiation and can be seen in the cells of the woundEyelid Development
margin in both wild-type and mutant, concentrated atHeterozygous K14cre:c-junf/ mice have no apparent
the rear of the wound margin (Figure 3C). Keratin-5 is aabnormalities. However, K14cre:c-junf/f pups exhibit
marker of basal keratinocytes and is somewhat lowera distinctive phenotype. While the eyelids of wild-type
in the null wound margin.pups remain fused until approximately 10 days after
Keratin-6 expression is also lower at the leading edgebirth, K14cre:c-junf/f mutant mice are born with a wide,
of wounds in the null mutant mice (Figure 3C). Keratin-6oval gap between their eyelids due to a failure of eyelid
is a marker of keratinocyte activation and is found atepithelial migration at approximately embryonic day 15
the leading edge of wounds; it is induced by TGF- and(E15) (Figure 2A). Without the protection of eyelids, se-
has been linked to EGFr activation, as well as to AP-1vere corneal inflammation arises in K14cre:c-junf/f mu-
factor-induced transcription (Bernerd et al., 1993; Jiangtant mice shortly after birth, and the eyes of adult mutant
mice are often small and opaque (data not shown). et al., 1993). In addition, a key target gene of activated
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Figure 1. Generation and Characterization of K14cre:c-junf/f Mice
(A) A schematic presentation of the wild-type (WT) genomic allele, the targeting vector and the targeted allele after homologous recombination,
the floxed allele after transient transfection with a Cre expression plasmid, and the desired recombined allele after Cre-mediated excision of
c-jun coding exon. Box indicates the coding exon. Triangles, loxP site; X, XbaI; E, EcoRI; S, SphI; B, BamH. The probe for Southern analysis
is depicted by black bar.
(B) The specificity of ablation of c-jun in K14cre:c-junf/f mice is illustrated by Southern blot analysis of genomic DNA isolated from epidermis,
dermis, liver, brain, and heart of K14cre:c-junf/f mice. The genomic DNA was digested with XbaI and SphI, and probed as indicated.
(C) Western blot analysis of transgenic skin. Protein extracts from the epidermis of Cre-negative and Cre-positive mice were immunoblotted
with c-Jun, Cre, and -actin antibodies.
(D) Immunohistological analysis. Paraffin-embedded skin sections of 8-week-old WT and K14cre:c-junf/f mice were stained with c-Jun
antibody. Immunostaining was visualized by alkaline phosphatase staining (red). Magnification 400.
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Figure 2. Eyelid Development Is Impaired in K14cre:c-junf/f Mice
(A) Histological analyses of eyelid development of wild-type and mutant embryos at E14.5, E15.5, E19.5, and at birth. The paraffin-embedded
eye sections were stained with haematoxylin and eosin. Arrow: the leading edge epithelial tips are formed and start migrating toward the
fusion point. Magnification 50.
(B and C) Comparison of EGF receptor and phospho-EGF receptor expression in E14.5 eye cross-sections from wild-type (WT) and K14cre:
c-junf/f (null) mice. The arrows indicate the migrating leading epithelial tip.
EGFr, focal adhesion kinase (FAK), was downregulated Defective EGF-Induced Proliferation and Motility
in c-Jun Null Keratinocytesin the mutant epithelium (Figure 3D), as was expression
of the activated EGF receptor itself (Figure 3E). These EGF is a major mitogenic and chemotactic factor for
keratinocytes. To assess whether loss of c-Jun affectsexpression differences of key effectors of keratinocyte
movement likely account for the delayed wound closure EGF signaling in keratinocytes, we isolated primary ker-
atinocytes from wild-type and K14cre:c-junf/f newbornin the mutant mice; the clear malformation of the epithe-
lium at the leading edge indicates that this is the target mice, and cultured cells with EGF as the only growth
factor supplement; we found substantially reducedzone for c-jun function during wound healing.
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growth in the c-jun null keratinocytes (Figure 4A). To antibodies, to amino acid residues Tyr397 and Tyr576
determine whether this was related to c-Jun activation (Ruest et al., 2000) (Figure 5A).
by JNK, we also analyzed the EGF-dependent growth Studies have showed that the Rho-GTPases, includ-
of keratinocytes with a knockin mutation of c-jun at the ing Rac, Cdc42, and Rho, are key regulators linking
JNK phospho-acceptor sites at amino acids 63 and 73 membrane receptors to the polymerization and organi-
(c-Jun/AA mutants) (Behrens et al., 1999; Laderoute et zation of the actin cytoskeleton. To a large extent, stud-
al., 2002) (Figure 4A). None of the cell lines grew appreci- ies have shown that Rac induces lamellipodia, Cdc42
ably in the absence of EGF; however, there was a clear induces filopodia, and Rho regulates stress fiber as-
difference in the growth rates of wild-type, K14cre: sembly during cell motility. The Rho-GTPases are acti-
c-junf/f, and c-Jun/AA cells in the presence of low vated by a switch from a GDP-bound state to an active
amounts (10 ng/ml) of EGF. Here, loss of the c-jun gene, GTP-bound state. Affinity precipitation of active Rho-
or to a lesser extent presence of the knockin mutation, GTPases revealed that activation of RhoA, but not Rac
reduced growth of primary keratinocytes substantially. and Cdc42, is drastically reduced in the mutant (Figure
Our investigation of eyelid development indicated that 5B; and data not shown). This reduced Rho activation
the K14cre:c-junf/f mice lack eyelid protrusive tips. reflects the abnormal actin cytoskeleton and stress fiber
Mice with deletions of the TGF and EGFr genes also formation seen in the K14cre:c-junf/f and c-Jun/AA
have impaired eyelid fusion, and these observations mutants.
suggest that defects in c-Jun activation in the K14cre: The lack of EGFr activation, combined with decreased
c-junf/f mutants might be related to alterations in EGF- EGFr protein levels, suggested that the proximal cause
mediated cell migration. We tested this directly using of the motility defects in the mutant were due to a de-
an in vitro scratch assay, in which a “wound” is intro- crease in EGFr ligand expression. This notion was sup-
duced in cultured monolayers of keratinocytes (Figure ported by Western blot analysis of one ligand with a
4B); these cells were cultured in the presence of mitomy- known AP-1 binding site in its promoter, HB-EGF (Park
cin C and were thus mitotically inactive. In wild-type et al., 1999); in EGF-treated cell lysates, expression of HB-
cultures, cells responded to the scratch by migrating EGF stimulated by EGF is eliminated in both the K14cre:
into the gap in an EGF-dependent manner and effected c-junf/f null mutant and c-Jun/AA cells (Figure 5C).
closure within 14 hr (see Figure 4B). In contrast, K14cre:
c-junf/f mutant keratinocytes did not migrate into the Addition of Extracellular HB-EGF Rescues c-Jun
wound in significant numbers in the presence of EGF Null Keratinocytes
during the same period. Keratinocyte attachment, spreading, and migration are
We further characterized the migration response by mediated by focal adhesions (FAs). During cell migra-
observing the cellular levels and distribution of F-actin, tion, FAs form at the leading edge of the cell while de-
which is essential for cell movement. Staining of F-actin taching at the rear of the cell (Smilenov et al., 1999). FA
with phalloidin revealed that in wild-type leading edge turnover is a key time-limiting step during cell migration,
cells, actin distribution was polarized and formed into
and activation of Rho is likely critical in this process
stress fibers, accumulating in the anterior lamellipodia
(Nobes and Hall, 1995). To determine whether reduced
oriented toward the wound (Figure 4C). In contrast,
Rho activation affects FA dynamics, we performed im-K14cre:c-junf/f mutant cells were less elongated and
munohistochemical analyses on leading edge cells inexhibited a striking fragmentation of stress fibers (Figure
the keratinocyte scratch assay. In wild-type migrating4C). The c-Jun/AA mutant keratinocytes demonstrate
cells, an increased number of vinculin-labeled FAs werean intermediate degree of stress fiber formation relative
formed at the front of the leading edge cells, whereasto the wild-type and null mutant cells (Figure 4C). Taken
FAs at the tail are lost (Figure 6A). Most of the signaltogether, these results demonstrate that deletion of c-Jun
detected with a phospho-specific antibody which rec-inhibits EGF-induced migration and alters actin stress
ognizes activated FAK at Tyr397(anti-pFAK397) was col-fiber formation and rearrangement at the leading edge
ocalized with FAs (Figure 6A). In contrast, K14cre:of keratinocyte layers.
c-junf/f cells exhibited drastically reduced numbers of
FAs as well as reduced levels of anti-pFAK397 bindingAltered EGFr Signaling Pathway Activation
(Figure 6A). c-Jun/AA mutant keratinocytes had largerin c-Jun Mutant Keratinocytes
amounts of FA formation and pFAK397 colocalizationTo determine the mechanism that causes the motility
than K14cre:c-junf/f cells, but were markedly deficientdefect in c-Jun mutant keratinocytes, we examined ex-
relative to wild-type keratinocytes in leading edge FApression and activation of a number of major compo-
formation (Figure 6A).nents of EGF signaling pathways (Figure 5A). EGFr ex-
Suppression of EGFr activation in c-Jun null mutantpression was somewhat decreased in c-Jun null mutant
keratinocytes led us to investigate the pEGFr pattern inkeratinocytes, although this reduction was not evident
keratinocyte scratch assays. Intriguingly, only the firstin c-Jun/AA cell extracts (Figure 5A). Activation of focal
two rows of cells in migrating keratinocytes, forming theadhesion kinase (FAK), which is associated with signal-
leading edge, demonstrate increased EGFr activation ining proteins and required for cell motility (Hauck et al.,
wild-type, mitotically inactivated cells (Figure 6B). Con-2001), was also completely absent in the K14cre:
sistent with our previous data, no EGFr activation wasc-junf/f mutant and, more surprisingly, in the c-Jun/
observed in K14cre:c-junf/f keratinocytes, and thereAA mutant keratinocytes. This was established with im-
was a significant decrease in EGFr activation in c-Jun/munoprecipitation of FAK followed by detection of phos-
photyrosine, as well as with two specific phospho-FAK AA keratinocytes as well (Figure 6B).
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Figure 3. Impaired Cutaneous Wound Healing in K14cre:c-junf/f Mice
(A) Rate of wound closure in K14cre:c-junf/f as compared with wild-type littermates. Eight mice were included in each group, and each
mouse has three full-thickness skin excisions made at day 0; thus, each bar represents 24 observations. Significance was greater than p 
0.05 or better between days 9 and 12.
(B) Histological analysis of sections of skin samples 4 days after wounding. Note that in K14cre:c-junf/f mutant mice, the morphology of the
leading edge of the epidermis is altered in mutant skin, although no change in number of PCNA-positive cells is evident. Arrows point out
the leading edge.
(C) Expression of keratins illustrates alteration of leading edge in null mutants and reduction of keratin-6 at leading edge following loss of c-Jun.
(D) Altered levels of FAK expression in the leading edge of wounds in K14cre:c-junf/f mutant mice. Shown are low and high magnifications
of the leading edges.
(E) Altered levels of phospho-EGF receptor at leading edge of wounds from K14cre:c-junf/f mutant mice; shown is the large reduction in
activation of the receptor caused by the mutation.
(Figure 3 continued on next page)
As mentioned above, among EGF ligands, HB-EGF et al., 2001). We found that addition of HB-EGF into
K14cre:c-junf/f mutant cell growth medium can rescueparticularly has properties that link it to functions of
c-Jun: its promoter contains a functional AP-1/ets bind- the migration defect and induce phosphorylation of EGF
receptor (Figures 6C and 6D). This result strongly sug-ing site. In addition, upregulation of HB-EGF was found
at the leading edge of in vitro scratch assayed cells (Ellis gests that c-Jun is a crucial regulator of HB-EGF and that
c-Jun and Keratinocyte Migration
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(Figure 3 continued from previous page)
increased HB-EGF results in EGFr activation, leading to (Findlater et al., 1993). Mutation of a number of genes
have been shown to cause the open-eye phenotype instimulation of leading edge cells and ultimately to their
functional movement and migration. mice, including gene disruption of EGFr (Miettinen et
al., 1995), TGF (Luetteke et al., 1993), c-abl (Schwartz-
berg et al., 1991), activin/inhibin B (Vassalli et al., 1994),Discussion
lipgap-Gates (IgGa) (Juriloff et al., 1996), fibroblast
growth factor receptor 2 (Fgfr2) (Li et al., 2001), andc-Jun and EGF Receptor Signaling in Eyelid
Development MEK kinase 1 (MEKK1) (Yujiri et al., 2000), as well as
suprabasal integrin 5/1 misexpression (Carroll et al.,In mice, eyelid fusion begins at E13.5 and requires mi-
gration of periderm-derived epithelium to cover the sur- 1995).
Upregulation of TGF transcription is observed in theface of cornea. As development progresses, the leading
edge epithelial cells of the eyelid start changing mor- protruding eyelid tip and has been suggested as a con-
trolling element in the migration of elongated epitheliumphology and form protruding tips. Fusion of the elon-
gated epithelium is then followed by dermis extension (Berkowitz et al., 1996). A recent study has shown that
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Figure 4. Culture and Analyses of Primary Keratinocytes
(A) Growth curves of WT, K14cre:c-junf/f, and c-Jun/AA keratinocytes in the present or absence of EGF-supplemented medium. Error bars
indicate standard deviation from each set of triplicate wells scored.
(B) In vitro wound healing experiments. Cells were treated with growth factor-free medium and mitomycin C for 48 hr prior to the introduction
of a wound in a confluent monolayer and addition of 10 ng/ml EGF.
(C) Deconvolution microscopic analysis of actin organization in WT and mutant keratinocytes at the leading edge of a scratch assay performed
as above 8 hr post-scratch. Cells were fixed and stained with phalloidin (red) and DAPI (blue). Magnification 1000.
MEKK1 expression is also localized to the protruding differentiation, which initiates with cell proliferation at
the basal layer and a gradual migration upward towardeyelid tip and that MEKK1 can regulate JNK signaling
in response to EGFr stimulation. In combination with differentiation into suprabasal layers, is fairly slow.
Hence, it may be that c-Jun is more important in condi-our observations that eyelid protruding epithelium had
increased c-Jun expression and EGFr activation, these tions where the proliferation and motility of epithelium
are rapidly altered, such as eyelid fusion and woundresults strongly suggest that an EGFr-MEKK1-c-Jun
cascade is critical for eyelid development. healing. Consistent with this notion, replacing c-Jun with
JunB can rescue the lethality of c-Jun null fetuses, butSkin development was normal in both strains of mu-
tant mice described in this study, which suggests func- still gives the open eye phenotype described here; this
may be evidence of the requirement specifically for c-Juntional redundancy of other members of the Jun family
in skin formation. However, the process of epidermal in this process (Passegue et al., 2002).
c-Jun and Keratinocyte Migration
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Figure 5. c-Jun Is Required for EGF Receptor
Activation
(A) Immunoblot analysis of EGF receptor,
FAK, FAK phosphorylation, and actin as a
control in response to EGF treatment in wild-
type and mutant keratinocytes. Cells were
treated with growth factor-free medium for
48 hr prior to addition of 10 ng/ml EGF.
(B) Rho activation is defective in mutant kera-
tinocytes.
(C) Suppression of EGF-induced HB-EGF ex-
pression in mutant keratinocytes.
c-Jun and EGF Receptor Signaling in Wound with their peaks between 30 min to 1 hr (Shirai et al.,
2001).Healing
Reepithelialization is an important stage of wound heal- Reconstitution of the epidermis during wound healing
is associated with reprogramming of keratin expressioning, in which epidermal integrity is restored following
cutaneous injury. During this process, keratinocytes at patterns, so as to change cell destiny from differentia-
tion to migration (Tomic-Canic et al., 1998). AP-1 bindingthe wound margin undergo morphology changes prior
to detachment from the basement membrane and for- sites have been identified in the promoter region of sev-
eral of the integrin and keratin genes (reviewed in Angelmation of a migratory leading front. Guided by chemo-
tactic factors produced in the provisional extracellular et al., 2001; Rossi et al., 1998). Our finding that the
keratinocyte activation marker K6 was reduced in c-Junmatrix of the wound, migrating keratinocytes invade into
fibrin clot by producing matrix metalloproteases and null mutant mice provides in vivo evidence that AP-1 is
functionally involved in keratinocyte activation. EGF isplasminogen activator (Singer and Clark, 1999). All of
these events are regulated by altered effector gene ex- one of the major components in regulated epithelial cell
proliferation and migration, and activation of EGF recep-pression, which is mediated in turn by transcription
factors. tor was observed at the neoepidermal leading edge
(Singer and Clark, 1999); defects in forming a properThere is growing support for the role of AP-1 as a
wound-induced transcription factor. AP-1 activation can keratinocyte migration leading edge and suppression
of EGFr activation in K14cre:c-junf/f keratinocytesbe induced by growth factors and cytokines produced
by damaged cells. Elevation of c-Fos, another AP-1 fac- strongly suggest that c-Jun is involved in EGFr activation
in the leading edge cells. Consistent with this notion, ator, is observed in both fetal and adult rat skin during
wounding (Martin and Nobes, 1992; Tsuboi et al., 1990). recent study of wound healing in Drosophila reveals that
JNK signaling is required to initiate cell shape changeIn corneal epithelium, the rapid induction of c-Fos, fosB,
c-Jun, and JunB was detected shortly post-wounding, at the leading edge of the wound (Ramet et al., 2002).
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Figure 6. Mutant Keratinocytes in Scratch
Assay Leading Edge Have Aberrant Focal Ad-
hesion Localization and Decreased EGFr Ac-
tivation
(A) Eight hours after scratch, cells were
stained for vinculin and pFAK397 and ana-
lyzed by deconvolution microscopy. Magnifi-
cation 1000.
(B) Mutant keratinocytes in scratch assay
leading edge have defective EGF receptor ac-
tivation.
(C) Rescue of motility defects in c-Jun null
keratinocytes by supplemented conditioned
medium and HB-EGF. In vitro wound healing
experiments were performed with c-Jun null
cells as described: medium was then supple-
mented with 10 ng/ml EGF, 8 hr conditioned
medium from wild-type keratinocytes, or 10
ng/ml EGF20 ng/ml HB-EGF.
(D) Cells described above were stained for
phospho-EGF receptor.
Although a recent study by Zenz et al. (2003) did not closure (DC), in which two sheets of epidermal cells
along each side of the dorsoventral axis elongate anddetect the alterations we see in wound healing in c-Jun
null keratinocytes, their use of a different keratin-driven migrate over the extraembryonic amnioserosa to fuse
at the dorsal midline (Young et al., 1993). DC is mainlycre recombinase (K5cre) coupled with strain/back-
ground differences likely accounts for their failure to see mediated by epidermal cell shape changes, since all cell
division is completed just before DC initiates (Kiehart etwound healing retardation.
al., 2000).
We show here that epidermal deletion of c-Jun canRelationship of c-Jun and Cell Motility
affect the activation of EGF receptor signaling, which inIn studies of c-Jun and AP-1 function in mammalian
turn is essential for epidermal cell migration in eyelidsystems, most recent research has focused on its role
development and wound healing. Based on our studiesin regulation of cell transformation and control of the
in vitro, we propose a model of c-Jun function in mam-cell cycle. Recently, a governing role for c-Jun in the
malian LE formation that parallels that seen in Drosoph-regulation of cell shape and motility has emerged with
ila dorsal closure. It should be noted that in our model,studies of c-Jun and the JNK pathway in Drosophila
the JNK signaling cascade is not directly involved indevelopment (reviewed in Kockel, 2001). At mid-embryo-
genesis, the most striking morphogenetic event is dorsal cytoskeleton rearrangement and cell motility in leading
c-Jun and Keratinocyte Migration
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For routine immunostaining, the sections were deparaffinized withedge keratinocytes. Instead, the production of HB-EGF
xylene and rehydrated with graded ethanol. The sections werethrough c-Jun activation provides a positive feedback
stained as described and visualized by Vectstain ABC or ABC-APloop for maintaining activation of EGFr signaling at the
kit (Vector Laboratories, Burlingame, CA) or indirect immunofluores-
leading edge, which in turn controls cell shape changes. cence.
Several lines of evidence support this model. First, in Primary antibodies used in this study were: c-Jun, p-c-Jun, and
pEGFr[Tyr1173] (Santa Cruz, Santa Cruz, CA); Cre (Novagen, Madi-Drosophila, defective AP-1 signaling does not affect ini-
son, WI); -actin and vinculin (Sigma, St. Louis, MO); PCNA andtial LE cell stretching, but terminates initial cell elonga-
CD45 (Leukocyte Commom Antigen) (Pharmingen, San Diego, CA);tion prematurely (Kockel et al., 1997). Second, constitu-
Keratin 1 and 5 (Babco, Richmond, CA); EGF receptor (Cell Signalingtively activated forms of RhoGTPases can induce actin
Technology, Berverly, MA); FAK, Rho (BD Transduction Labora-
remodeling independently of the JNK cascade (Lamarche tories); anti-FAK[pY397] (Biosource International, Camarillo, CA). For
et al., 1996). Third, we found that actin patterning and immunofluorescence, Texas Red-X conjugated streptavidin was ob-
tained from Molecular Probes (Eugene, OR).FA formation were different in c-Jun null and c-Jun/AA
keratinocytes, suggesting that defective JNK signaling
does not totally abolish actin remodeling and FA turn- Wound-Healing Experiments
over. Our model thus suggests that EGF receptor signal- At 8–12 weeks of age, sex- and age-matched K14cre:c-junf/f mice
and nontransgenic littermates were shaved and depilatated. Aftering is a critical regulatory pathway in eyelid development
2 days, the mice were anesthetized and three full-thickness woundsand wound healing.
were made per mouse with 6 mm skin biopsy punches. The wounds
were traced on transparent acrylic sheets every day until closureExperimental Procedures
or sacrifice for histology. Wound areas were determined by using
the Image Processing Tool Kit software (Reindeer Games, Inc.). TheGeneration of K14cre:c-junf/f Transgenic Mice
wound-healing rate was calculated as a percentage of the initialA 5 kb SalI-XbaI genomic fragment, comprising the 1 kb 5UTR, the
wound area.full c-jun coding sequence, and the 3 kb 3 region, were cloned
into the SalI/XbaI site of pBluescript KS. A 1 kb floxed neomycin
resistance cassette was blunted and ligated into the blunted EcoRI Isolation and Culturing Primary Keratinocytes
site at position 360. Then the third loxP cassette, flanked by SphI Day 1 to 3 newborn mice were sacrificed by CO2 asphyxiation. The
sites, was inserted into the SphI site at position 1862. The correct bodies were rinsed in 70% EtOH and dried with sterile gauze. Limbs
sequence and orientation of these inserts were verified by enzyme and tail were removed for genotyping. Skin was sliced from nose
digestion and sequencing. 20 g SalI-linearized targeting vector to tail and peeled off in one piece. Skin was rinsed several times in
was electroporated into R1 ES cells. The neomycin resistance cas- washing solution (phosphate buffer saline [PBS] [pH 7.4], 100 U/ml
sette was removed by transfection of a Cre expression plasmid as penicillin sodium, 100 g/ml streptomycin, 0.25 g/ml Fungizone,
described (Ryan et al., 2000). PCR was used to identify cell lines 50 g/ml Gentamicin) and incubated in Dispase medium (Define
that maintain loxP site at either site of c-jun coding region, and Keratinocyte-SFM [GIBCO BRL], 5 U/ml Dispase II [Roche Diagnos-
correct targeting was further confirmed by Southern analysis. The tics Corp., Indianapolis, IN], 100 g/ml streptomycin, 0.25 g/ml
chimeric mice were generated by microinjection of targeted ES cells Fungizone, 50 g/ml Gentamicin) at 4	C overnight. The dermis was
into C57Bl/6 blastocysts. Founders were identified by PCR. separated from epidermis with forceps and minced and digested
c-junf/f mice were backcrossed to K14-Cre recombinase mice in 0.25% trypsin for 10 min. Mouse keratinocyte culture medium
for two generations to generate K14cre:c-junf/f mice. For all experi- containing defined Keratinocyte-SFM (GIBCO BRL), 10 ng/ml EGF
ments, K14cre:c-junf/f and c-junf/f mice were chosen and com- (Sigma, St. Louis, MO), and 1010 M choleratoxin was used. To
pared from same littermates in order to minimize their genetic back- determine proliferation rates, 40,000 keratinocytes per well were
ground difference. seeded into 24-well plates. Media were changed every 2 days, and
For collection of mouse embryos from timed mating, the morning cells were trypsinized and counted in triplicate.
the females were examined for coital plug was defined as day 0 of
gestation when evidence of copulation was detected.
In Vitro Scratch Assay
To determine cell motility, wild-type and mutant keratinocytes wereWestern Blot, Histology, and Immunohistochemistry
seeded onto chamber slides (Nalge Nunc International, Naperville,For all Western blots, cells or homogenized epidermis was lysed
IL), grown to confluence, and transferred to growth factor-free me-for 10 min on ice in buffer (25 mM HEPES [pH 7.0], 400 mM NaCl,
dium plus mitomycin C for 2 days. The confluent monolayers were1.5 mM MgCl2, 0.2 mM EDTA, 1% Nonidet P-40, 1 mM PMSF) in the
wounded by a disposable Pasteur pipet tip (Fisher), and growthpresence of a complete set of protease inhibitor cocktail (Boehringer
factors were re-added. For immunostaining, cells were washedMannheim, Mannheim, Germany). Lysates were centrifuged for 10
twice with PBS and fixed in 3.7% formaldehyde solution in PBS formin at 14,000 rpm at 4	C. Protein concentrations were determined
10 min at room temperature. Fluorescent phallotoxins (Molecularusing Bio-Rad protein assay (Bio-Rad, Hercules, CA). 60 g of ex-
Probes) were used to stain for F-actin.tracted protein were electrophoresed on SDS-PAGE and blotted
onto polyvinylidene fluoride membrane (Immobilon-P; Millipore
Corp., Bedford, MA). Immunoblots were blocked and probed with Assay for GTP-Bound RhoA, Rac, and Cdc42
antibody according to protocols supplied by the manufacturers. The The Rhotekin Rho binding domain and PAK-1 p21 binding domain
Western blots were developed by the enhanced chemiluminescence were purchased from Upstate Biotechnology, Lake Placid, NY. Affin-
system (Amersham, Buckinghamshire, UK). The blots were reused ity precipitation of Rho, Rac, and Cdc42 from cell lysates was per-
by stripping in buffer (62.5 mM Tris-HCl [pH 6.8], 100 mM 2-mercap- formed according to protocols supplied by the manufacturers.
toethanol, 2% SDS) at 56	C for 30 min.
From days 14 to 20 of gestation, pregnant females were sacrificed
Acknowledgmentsby CO2 asphyxiation on each day. Fetuses were removed from the
uterus and dissected in PBS, and the limbs were removed for identi-
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this work. We also thank W. Mcnulty and B. Khadivi for excellentExII, Fisher) for 2 days and then embedded in paraffin. For skin
technical assistance. G.L. was supported by a postdoctoral fellow-histology, dorsal skin from K14cre:c-junf/f mice and their wild-type
ship from the Susan G. Komen Breast Cancer Foundation (PDF 2000littermates was fixed in 4% paraformaldehyde, processed, and em-
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